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[57] ABSTRACT

- A static induction transistor of the type wherein carriers

are Injected from a source to a drain across a potential
barrier induced in a current channel and wherein the
height of the potential barrier can be varied in response
to a gate bias voltage applied to a gate and to a drain
bias voltage applied to the drain to thereby control the
magnitude of a drain current of the transistor. The prod-
uct of the channel resistance R, and the true transcon-
ductance G,, of the transistor is maintained less than one
and the product of the true transconductance and the
series resistance Ry of the transistor is maintained
greater than or equal to one in the low drain current
region in the operative state of the transistor. The series
resistance R is the sum of a resistance of the source, a
resistance from the source to the current channel, and
the channel resistance from the entrance of the current
channel to the position of maximum value (extrema
point) of the potential barrier in the current channel.
This static induction transistor has the advantage that
the current-voltage characteristic curve is nearly linear
over a very wide range of drain current including the

. low drain current region. In an upside-down structure,

the above-mentioned conditions can be easily attained
by selecting respective impurity concentrations and
thicknesses of a substrate and an epitaxial layer grown
thereon.

19 Claims, 23 Drawing Figures
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1
' STATIC INDUCTION TRANSISTOR

'CROSS REFERENCE TO RELATED
APPLICATION

This is a continuation-in-part of our copending appli-
cation Ser. No. 893,537 filed Apr 4, 1978 now U.S. Pat.
No. 4 199,771. |

- BACKGROUND OF THE INVENTION

(a) Field of the Invention

The present invention pertains to a static induction
transistor which exhibits an unsaturated drain current-
drain voltage characteristic, and more particularly it
pertains to an improvement of the SIT characteristic at
low values of the drain current.

(b) Description of the Prior Art

The static induction transistor (SIT), which 1s a kind
of majority carrier injection control device having an
unsaturated drain current-drain voltage characteristic
similar to the plate current-plate voltage characteristic
of triode vacuum tubes, has been proposed 1n Japanese
Patent Application No. 46-28405 (the corresponding
U.S. Patent Application Ser. No. 817,052) by Jun-ichi
NISHIZAWA, one of the present inventors, and in
Japanese Patent Application No. 46-57768 (the corre-
sponding U.S. Patent Application Ser. No. 576,541) by
Jun-ichi NISHIZAWA et al. The above-mentioned
prior art SIT’s are designed so that the product of the
true transconductance and the series resistance of the
SIT may be maintained lower than unity (one) at least in
the operational range of low drain current irrespective
of the magnitude of the gate voltage. Reference 1s also
made to the Nishizawa U.S. Patent Application Ser.
No. 757,583 filed Dec. 27, 1976.

A typical gate voltage -drain current characteristic of
the prior art SIT is plotted as the drain current Iz versus
the gate voltage Vy, with the drain voltage V4 serving
as a parameter in a semi-log scale in FIG. 1. The drain
current-drain voltage characteristic 1s also plotted as lg
versus Vg, with Vgserving as a parameter in a semi-log
scale in FIG. 2. In FIG. 2, the dashed portion of charac-
teristic curves 1s measured by pulse technique. These
Figures show the fact that, in the high drain current
region, the drain current is nearly proportional to the
drain voltage as well as to the gate voltage, but that, in
the lower drain current region below approximately
1 X 10—3 ampere for this specimen, both the drain cur-
rent-drain voltage characteristic and the drain current-
gate voltage characteristic are governed by an exponen-
tial rule. This non-linearity of the prior art SIT’s at the
low drain current region is considered to be the result of

the barrier height control by the gate and drain voltages

but to be responsible for the non-linear amplification
(distortion) by the SIT in various applications. Accord-
ingly, it is desirable to eliminate the non-linearity in the
SIT response.

SUMMARY OF THE INVENTION

It 1s therefore, an object of the present invention to
provide an improved SIT in which the current-voltage
characteristic curve is nearly linear over a very wide
range of drain current including the Iow drain current
region. |

Another objeet of the present invention 1s to prowde
an improved SIT which is capable of amplifying a sig-
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nal with reduced non-linear amplification (distortion)
and with wider dynamic range.

A further object of the present invention 1s to provide
an improved static induction transistor of upside-down
structure easy to manufacture and adapted for use in
integrated circuits.

Another object of the present invention is to provide
a static induction semiconductor device including a
substrate held at a reference voltage and at least one
improved static induction transistor of the type de-
scribed including said substrate to serve as the source
region.

In order to obtain an SIT which satisfies these re-
quirements, the present inventors have made the fol-
lowing analysis and experiments on prior art SIT’s.

In case the current channel of an SIT 1s rendered

pinched-off by only an applied gate voltage, the drain
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current Iy may be approximately expressed in terms of
the gate voltage Vg and drain voltage Vg as:

Vd

I+
e g1 2 ) -2

wherein g, k and T represent the magnitude of elec-
tronic charge, Boltzmann constant and the absolute
temperature, respectively. The term pu represents the
voltage amplification factor of the SIT and n represents
the efficiency of the gate voltage, i.e. the ratio of the
potential change at the potential barrier in the channel
to the change of the apparent gate voltage. This ratio 7
depends on the geometry and on the impurity profile of
the SIT. Ip is a constant which 1s determined by the
geometry and the impurity profile in the SIT. The term
rs represents the series resistance from the source up to
the position of the maximum magnitude (extrema point)
of the internal potential barrier. The position of the
extrema of potential will hereinafter be referred to as
the intrinsic gate of the SIT. The series resistance r;
includes the resistance R of the source region itself, the
resistance Ry, from the source to the adjacent end (i.e.
the entrance) of the current channel, and the channel
resistance R, from the entrance of the current channel
to the intrinsic gate (potential extrema point). .

In the low drain current region where the drain cur-
rent has such a small value that the term (1 +u)/purlgin
Eq. 1 can be neglected as compared with other terms,
the drain current may be expressed by the following
simplified exponential formula, leading to the afore-
mentioned exponential increase in the drain current at
low values thereof.

Ig = I exp(

On the other hand, where the drain current exceeds a
certain critical wvalue beyond which the term
(14 p)/prsly attains a significant value with respect to
the gate voltage, the drain current tends to deviate from
the exponential relationship of Eqs. 1 and 2. The drain
current can thus be expressed by the following linear
approximation:

Eq. 2
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Vi T Eqg. 3
g = m - m + Leonst

where Iconsr is a constant which is determined by the
geometry and the impurity profile of the SIT. |
It can be noticed from the above discussion the the
exponential characteristic of the drain current below
the critical value is due to the effect of the series resis-
tance, and that the critical value of the drain current, at
which the drain current characteristic begins to deviate
from the exponential rule into the linear rule, is depen-
dent upon the value of the series resistance. More par-
ticularly, the larger the series resistance is, the smaller

~will be the critical value of the drain current, and vice.

versa. In other words, if the series resistance has a large
(but not too large) value, the critical value of the drain
current may become very small compared to the main
operative drain currents. This assumption has been
roughly confirmed by plotting the current-voltage
characteristic of the measurement circuit of FIG. 3
employing a prior art SIT which has the product of the
series resistance and the true transconductance G,
being kept less than unity within the substantially entire
range of the drain voltage and the drain current. |
In FIG. 3, an n-channel SI'T has a drain D connected
to the positive terminal of a variable dc power supply
whose negative terminal is grounded, a gate G
grounded and a source S grounded through a resistor
R;. The current-voltage characteristic of the circuit of
F1IG. 3 1s plotted as current Ip versus voltage Vp, with
the resistance value of resistor Rgserving as a parameter
in linear scale in FIG. 4. This Figure suggests that an
appropriate selection of the resistance value of the resis-
tor Rs;will provide an improved current-voltage charac-
teristic for the circuit shown in FIG. 3 wherein the
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current Ip of the circuit will make a substantially linear

increase in proportion to an increase in the applied
voltage Vp of. the circuit over a wide current range

including a very low current region. In this device of 40

F1G. 3, a preferable additional resistance R for provid-

Ing a linear characteristic may be in the range from 0
to 0.5k{). '

Moreover, the present inventors have made a further

analysis of the series resistance rsin SIT. As previously 45

described, the series resistance r; is the sum of three
component resistances Ry, Rs-and R... The resistance of
the source region Ry, is determined mainly by the geo-
metric dimensions and the impurity concentration of
the source region, and therefore it is independent of the
operating condition of the SIT. On the other hand, the
resistance of the source-to-channel region R, is some-
what dependent upon the SIT operating condition,
because the depletion layer extending from the gate
region and defining the current channel is dependent
upon the operational condition of the device. When a
reverse gate bias or a drain current is increased, the
depletion layer grows accordingly to the increased
potential difference, and thereby somewhat shortens the
source-to-channel region. This shortening of the
source-to-channel region leads to a decrease in the
source-to-channel resistance R,.. In contrast to these
two resistances, the value of the channel resistance R, is
very sensitive to the SIT operating condition, and
therefore, this channel resistance will widely change in
a highly sensitive manner according to the variations of
the operating condition. The drain current saturation in
conventional field effect transistors may be considered
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to derive mainly from the feedback effect induced by
the channel resistance R.. From this recognition, the
condition ryG,, <1 for the prior art SIT is construed to
be effective for providing the unsaturated drain current-
drain voltage characteristic so long as the resistance R,
1s sufficiently minimized to provide a negligible extent

of the feedback effect onto the operation of the SIT.
On the basis of the understanding stated above, the
present inventors have come to the conclusion that the

conditions of RoG,, <1 and ry+G,,= 1 in the low drain
current region in the operative state of the SIT are
essential to establish the improved SIT of the present
invention. It should be noted that G, is designated as
the true transconductance of the SIT.

Accordingly, the SIT of the present invention is char-
acterized in that the value R.G,, is maintained less than
unity, and also the value r+-G,, is kept greater than or
equal to unity. These conditions hold at least in the low
drain current region in the operative state of the SIT.
However, if the value R,G,, is slightly smaller than
unity (comparable with unity) in the relatively low
drain current region, the value R,G,, can become
greater than unity in the high drain current region. The.
true transconductance G,, increases with an increase in
the drain current in a unipolar transistor, especially in a
static induction transistor. Furthermore, the channel
resistance R, may become large with an increase in the
drain current. |

In contrast to the present invention, with the prior art
SIT, the first condition R.G,, <1 is satisfied, but the
second condition rG, =1 is not established.

The relation between the overall apparent transcon-
ductance G,,” of the whole device and the true trans-
conductance G,,; is as follows. The existence of the
channel resistance R, in effect, is reflected in a differ-
ence between the apparent and true transconductances
of the SIT. The apparent transconductance G, (con-
sidering only the effects of R;) may be expressed as:

Gmc= Gm/(l +Rc'Gm) Eq 4.

The apparent transconductance G, further reflects the
existence of the resistance Ry.. That is, G,,,’ varies if R;.
1s present. Where both R, and R, are considered, the
apparent transconductance G, may be expressed as:

Gime | Eq. 5.

Gm.!i' — 1 + Rgc‘ Gmc

G
1 + (Ree + R)Gy

Finally, the overall apparent transconductance G,,’ also
accounts for resistance R,

G s Eq. 6.

,Gm - I + Rsr+ Gs

G
I + (Rsr + Rye + R)Gpy

I

Gm
1 + rj‘Gm

The source region and the source-to-channel region
are non-depleted regions. Therefore, the resistances of
these regions are determined mainly by their geometry
and resistivity. The resistance of each of these regions
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becomes high when the cross-section of these regions 1s
" made small, the length thereof is made long, and/or the
resistivity thereof is made high.

These and other objects as well as the advantageous
features of the present invention will become apparent
by reading the following description of the preferred
embodiments when taken in conjunction with the ac-
companying drawings. | | |

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1 and 2 are graphical charts illustrating, in a
semi-log scale, a typical example of the drain current-
gate voltage characteristic and the drain current-drain
voltage characteristic of an SIT according to the prior
art, respectively.

FIG. 3 is an electric circuit diagram showing a circuit
employing an SIT of the prior art intended for the ex-
planation of the present invention.

FIG. 4 is a graphical chart illustrating the current-
voltage characteristic of the SIT circuit shown in F1G.
3.

FIGS. 5 through 11 are diagrammatic vertical sec-
tions of improved SIT’s of the single-channel type.
~ FIGS. 12 through 17 are diagrammatic vertical sec-
tions of improved SIT’s of the multi-channel type.

'FIGS. 18 and 19 are diagrammatic illustrations of an
upside-down structure SIT, in which:

FIG. 18 is a vertical sectional view; and

FIG. 19 is an explanatory top plan view.

FIG. 20 is a diagrammatic vertical sectional view of
an upside-down type SIT having a Schottky drain elec-
trode.

FIG. 21 1s a dlagrammatlc vertical sectional view of
an upside-down type recessed-gate SIT.

FIG. 22 is a diagrammatic vertical sectional view of a
multi-output IIL type semiconductor device.

FIG. 23 1s a diagrammatic vertical sectional view of a

modification of the IIL type semiconductor device
shown in FIG. 22.

" DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

-~ FIGS. § and 6 are respectively intended to show, in
vertical section, the basic geometric structure of an
improved - SIT according to the present invention,
~which includes a semiconductor body 10 (e.g. silicon,
“germanium and gallium arsenide) comprising a semi-
conductor layer 1 of a first conductivity type, e€.g. n-
type, a semiconductor layer 3 of the first conductivity
type, and a semiconductor layer 4 of the first conductiv-
ity type as shown in FIG. 5 or of the substantially intrin-
sic type as shown in FIG. 6. On the outer surfaces of the
respective layers 1 and 3 are formed a source electrode
11 and a drain electrode 13, thus these layers being
operative as a source and a drain region of the SIT,
respectively. At the opposite sides of the semiconductor
layer 4, there are provided semiconductor regions 2 and
2' of a second conductivity type, e.g. p-type, which is
opposite to the first conductivity type, so as to protrude
inwardly to face each other. These semiconductor re-
gions 2 and 2' function as the gate regions of the SIT,
and they may be formed discrete or in a continuous
form like a ring shape or a stripe shape, for instance.
-Gates 2 and 2’ define a current channel, in the semicon-
‘ductor layer 4, of the SIT. Gate electrodes which make
ohmic contacts to the gates 2 and 2’ are not illustrated in
FIGS. 5 and 6 for the simplicity of the Figures.
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6

In the known SIT according to the prior art, the

source is composed of a relatively heavily impurity-

doped material having a relatively high impurity con-
centration between the orders of 1024 and 10%7
atoms/m3 so that the source resistance R may be as
small as possible and thus satisfies the condition rs-G-
m<l.

In contrast thereto, according to the present inven-
tion, the source 1 may be made of a relatively lightly
impurity-doped material having a relatively low impu-
rity concentration between the orders of 102! atoms/m?3
and 1023 atoms/m3 so that the source resistance Ry will
have a sufficiently large value for satisfying the condi-
tion rG,=1. The source resistance may also be ad-
justed by the geometry of the source region 1. The
condition r;:G,,=1 may also be satisfied by increasing
the source-to-channel resistance R and/or the channel
resistance R.. The source-to-channel resistance R,
although it is almost negligible in the structures of
FIGS. 5 and 6, can be increased by increasing the dis-
tance from the source to the channel entrance and/or
by raising the resistivity of that region. The channel
resistance may be increased by elongating the gate re-
gion along the source-to-drain direction and/or select-
ing a higher impurity concentration (lower resistivity)
of that region so as to form a narrow and/or lengthy
channel. The operating condition of the SIT gives a
large effect to the channel resistance R and some effect
to the source-to-channel resistance Rg.. The resistivity
conditions for the gates 2 and 2', the drain 3 and the
channel 4 may be almost the same as those in the prior
art SIT. Accordingly, the gate-constituting material
usually has an impurity concentration between the or-
ders of 1023 atoms/m3 and 1027 atoms/m?3; the drain-con-
stituting material has an impurity concentration be-
tween the orders of 1023 atoms/m3 and 1027 atoms/m?;
and the channel-constituting material has an impurity
concentration between the orders of 1018 atoms/m? and
1022 atoms/m3. It should be noted, however, that the
impurity concentration for the channel 1s dependent
upon the distance between the gates, the length of the
gates along the drain-current-flowing direction, and the
operating condition where the SIT is to be used. For an
SIT for use in large power applications, the impurity
concentration of the channel-constituting material and
the gate distance should be determined so that the cen-
tral portion of the channel is not completely depleted by
the diffusion potential of the gates (with no gate bias
voltage applied). On the other hand, an SIT of the nor-
mally-off type (in which the SIT is in the cut-off state at
zero gate bias voltage), the gate distance and the chan-
nel impurity concentration should both be determined
so that the channel may be completely closed, 1.e.
pinched off, by the depletion layers produced by the
gate to channel diffusion potential extending from the
gates. In the latter case, if the channel impurity concen-
tration is set, for instance at 11019 atoms/m3, 11020
atoms/m3 and 1x 102! atoms/m3, the gate distance is
determined less than 20 um, 7 pum and 2 pm, respec-
tively. It is needless to say that both the geometric di-
mensions and the channel impurity concentration must
satisfy the above-described condition R,G;, <1 at least
in the low drain current region in the operative state of
the SIT of the present invention.

Several possible modifications of the impurity proﬁle
in the improved SIT are illustrated in FIGS. 7 through
11. In FIG. 7, the semiconductor layer 4 is formed with
a relatively lightly doped n type layer which may be
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used for adjusting the source-to-channel resistance, and
a substantially intrinsic i type layer. In FIG. §, the semi-
conductor layer 4 is composed of a relatively lightly-
doped n type layer and a substantially intrinsic i type
layer, and further, a relatively lightly-doped n type
layer-inserted between the i type layer and the drain 3.

F1G. 9 shows a modification wherein a relatively light-
ly-doped n type layer is provided between the semicon-

ductor layer 4 and the drain 3. In FIGS. 10 and 11 are
shown further modifications wherein the gates 2 and 2’
are positioned along the boundary between the source 1
and the semiconductor layer 4 (a lightly doped n— type
layer in FIG. 10 or intrinsic i type layer in FIG. 11).
Moreover, in the SIT shown in FIG. 11, the source 1 is

formed smaller in cross sectional area as compared with

that of the semiconductor layer 4, in order to effectively
increase the source resistance R,, even for a reduced
thickness of the source.

A basic geometric structure of the SIT of the multi-
channel type is shown in FIG. 12, wherein there is
formed mesh-like or grid-like gates 2 with highly im-
purity-doped semiconductor of the second conductivity
type, and wherein a plurality of separated current chan-
nels are defined between the adjacent respective gates 2
in the semiconductor layer 4. The geometric dimensions
of the respective gates 2, and the impurity concentra-
tions in the source region 1 and in the respective current
channels are determined in almost the same manner as
i the single-channel type SIT described above so that
both of the conditions ry-G,,,= 1 in the low drain current
region in the operative state of the SIT may be satisfied
for the overall transistor.

A more practical example of the multi-channel type
SIT of the present invention is shown in FIG. 13,
wherein a plurality of gates 2 are formed in line along
the boundary between the relatively lightly doped n
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type layer 1 and the substantially intrinsic i type layer 4,

and wherein the layer 1 which works mainly as the
source of the SIT is formed narrower in cross section
than the layer 4 so as to produce a higher value of the
source resistance Ry, All of the gates 2 are formed
continuous and led out in common at lead layers 12
provided at the opposite sides of the crystal 10.

A variety of structures of the SIT which are effective
for enhancing the source-to-gate breakdown voltage
and for decreasing the source-to-gate capacitance will
hereinafter be explained with reference to FIGS. 14
through 17.

In the SIT shown in FIG. 14, those portions of the
source I and the layer 4 which are positioned over the
respective gates 2 are cut away to make the effective
cross sections thereof smaller, thereby increasing the
source resistance R, and the source-to-channel resis-
tance Ry and at the same time for achieving both a
reduced source-to-gate capacitance and an increased
source-to-gate breakdown voltage. |

In FIG. 13, exposed portions of the gates 2, excepting
the side edge portions of the gate regions which can be
considered to really function as the gate regions, are cut

40
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away, and insulating layers 5 are deposited in place of 60

those cut-away portions, in order to reduce the net area
of the gates 2 to thereby further reduce the source-to-
gate capacitance. The other arrangements and the ad-
vantages of this example are the same as those of the
above-mentioned example in FIG. 14,

The SIT shown in FIG. 16 is arranged so that the
exposed side portions of the source 1 and the exposed
top side portions of the layer 4 are cut away and that

65
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insulating layers § are formed on those cut-away por-
ttons. This structure can provide the SIT -with a further
Increased series resistance rg including the source resis-
tance Ry and the source-to-channel resistance R;.. The
other arrangements and advantages of this example are
the same as those of FIG. 14.

The SIT shown in FIG. 17 is a combination of the
arrangements of both examples shown previously in

FI1GS. 15 and 16.

Throughout FIGS. 15 to 17, the afore-mentioned
insulating layers 5 may be formed by any one of insulat-
ing materials SiQOj;, SizNg, Al»O3 and so on, and the
combinations thereof for example, or said layers 5 may
be formed by a lamination of two or more of these
materials. Needless to say, dotted lines in these Figures
tllustrate the shapes of the depletion layers extending
from the respective gates 2 into the current channels
when the gates are applied with a certain forward- or
reverse-bias voltage. The thicknesses of these depletion
layers are controlled to vary in accordance with the
gate bias voltage applied, with the result that the
heights of the extrema points of potential barriers which
are induced in the current channels will change in re-
sponse to the applied gate bias voltage to control the
injection of majority carriers from the source to the
drain across the potential barriers in the current chan-
nels.

Furthermore, in FIGS. 5 through 17 and in the previ-
ous description, the typical impurity concentrations for
the regions labeled i, n, p, n—, n+, p+ may be as fol-
lows.

Symbol corresponding typical impurity concentration
i about 108 atoms/m3

n3! about 1029-102! atoms/m?3

n, p about 10%¢ atoms/m?3

nt, pt about 1024-1027 atoms/m3

FIGS. 18 and 19 show an upside-down structure SIT
wherein the substrate is used as a source region. In FIG.
18, an n— type silicon epitaxial layer 24 is grown on an
n+ type silicon substrate 21 which serves as a source
region. A pt type heavily doped gate region 22 having
through-apertures is formed in the surface of the epitax-
1al layer 24, and n+ type heavily doped drain regions 23
are formed within these apertures by diffusion, ion im-
plantation, or like technique (see FIG. 19). Source, gate
and drain electrodes 31, 32 and 33 of 2 conducting mate-
rial are deposited on the source, gate and drain regions
21, 22 and 23, respectively. As seen in FIGS. 18 and 19,
this SIT has a plurality of drains, which are connected
In common by electrode or wiring to form a single drain
output. Each drain region 23 is spaced from the gate
region 22 in each aperture for reducing the gate-drain
capacitance and for increasing the gate-drain break-
down voltage. |

Although the Figures show partially exaggerated
views, the substrate 21 has a thickness much larger than
that of the epitaxial layer 24. Thus, the source resistance
R can be easily increased to an appropriate value.
Further, the source-to-channel resistance R;.also can be
easily increased by increasing the thickness of the epi-
taxial layer. In other words, an upside-down SIT having
an appreciable resistance from the source electrode to
the entrance of the channel is easy to manufacture. In
case the substrate is used as the source, a heat sink can




be easily connected to the source, and hence an SIT
installed in a grounded metal housing can be provided.

The channel width, i.e. gate-to-gate distance, and the
impurity concentration of the channel region, 1.e. the

epitaxial layer, are subjected to many limitations such as

the desired operational specifications and the technical
- problems of manufacture. On the other hand, the thick-
ness of the epitaxial layer can be relatively easily ad-
justed. Namely, the thickness of the epitaxial layer may
be decreased for decreasing the source-to-channel resis-

~channel resistance. . | -

‘The source resrstance can be adjusted widely by ad-
justing the thickness and the impurity concentration of
the substrate 21, as described previously. Further, the
source resistance can-be ihcreased by such means, for
-example, as partially removing the source electrode 31,
-or lightly doping a p type impurity in the lower surface
portion .of the substrate 21. It is to be.noted that the
source resistance for each'channel is determined mainly
by.the vertical resistance of an associated portion in the
substrate located below that channel. Thus, it is easy to
raise a resistance for each channel to some extent while
‘maintaining the lateral re51stanee ef the substrate at a
sufficiently .low value.. - . - :
~ In the structure. of FIGS 18 and 19 the distance
between the. gate_a_nd the drain regions is rather short,
and thereby the gate-drain capacitance cannot be made
very. small and the gate-drain breakdown voltage can-
not be made very high as will be understood by those
skilled in the art. For improving the high frequency and
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~can be selected sufficiently low through the selection of
the materials of the semiconductor and the metal and
through the selection of the manufacturing process for

formfing the Schottky electrode.
FI1G. 21 shows a recessed-gate structure SIT Wthh
enhances the high speed and high power operation.
‘The epitaxial layer 24 is partially etched away by
directive plasma etching or like techniques to form

- recessed portions surrounding protruding channel por-

10
tance, or may be increased for 1 1ncrea51ng the souree -to-

15
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tions. Gate means 32 for controlling the carrier trans-

port in the channel regions (including said protruding
channel portions as well as the drain means) are formed
‘with Schotkky electrodes (33-2, 33-3, 33-4) in FIG. 21.

Self alignment techniques can be employed to form the
gate electrode and the drain electrodes in a single pro-
cess. Vertical separation of the gate electrode and the

-drain electrodes improves the gate-drain capacitance

and the gate-drain breakdown voltage. |
It will be apparent that similar structures can be

formed by other processes such as selective epitaxial
growth. Also, it will be apparent that the upside-down

- recessed gate structure can be materialized in junction

25

high power. operation, it is demrable to. merease the

gate-to-drain distance. -
FI1G. 20 shows a Schettky drarn Up31de down SIT

which has a structure similar to that of FIG. 18 except
for the fact that there are no heavily doped drain re-
gions. Namely, Schottky drain electrodes 33-2, 33-3,

'33-4 are formed directly on the eprtaxral layer 24. Elimi-.

nation of the heavily doped drain region serves to allow
a shallower gate depth, a smaller gate-to-gate distance
and an easier process of manufacture. For example, the
number of masks can be reduced, the gate region can be
formed easily by ion-implantation, or like techniques.
Further, the gate-drain capacitance can be decreased
due to the elimination of the semiconductor drain re-
g101. Alt_hough. the gate electrode; 32 and the drain
Schottky electrode 33 have different. requirements due
to their respective specific functions, they can be
formed with a same materlal and by a same manufactur-
ng.process.. -

 The srmphﬁed structure of FIG. 20 makes the materl-
alization of a GaAs SIT easier. The source, resistance
R,, and the source-to-channel resistance RS,: can be
adjusted easily in much the same way as for the struc-
ture of FIGS. 18 and 19. :

‘The employment of gallrum arsemde (GaAs) as. the
semlcendueter material enables a wider.channel width
(i.e. gate-to-gate distance) due to its wider forbidden
band gap and provrdes a higher speed operation due to
1ts hlgher carrier meblhty, as eempared with srhcon (S1)
dewces T o . | |

It will be understood that the draln of a unlpelar
transistor including SIT functions to retrieve carriers
supplied frem the source. Therefere a metal (Schottky)
“drain region can attain. a function similar to that of a
-heavily doped semiconductor drain except for the fact
_that. a Schottky. electrode is usually accompanied by a
‘Schottky barrler ‘The. helght of .the Schottky barrier

35

gate and/er junction drain structures (see FIGS. 14 to
17). | - -
The upside-down structure is partleularly adapted for
use in an integrated circuit. FIG. 22 shows an IIL type
structure utilizing an SIT sumlar to that of FIGS. 18
and 19. -

Ann— type epltaxral layer 24 1s grown onan nt type
substrate 21, and p+ type regions 22, 26 and n+ type
regions 23-1, 23-2 are formed in the n— type epitaxial

layer. Conductive electrodes 31, 32, 33-1, 33-2, 36 are

formed on the respective heavily doped regions 21, 22,
23-1, 23-2 and 26. The electrode 36 is connected to a
positive power supply, and the p T type region 26 serves
as an injector region. That portion of the epitaxial layer
24 sandwiched between the p+ type regions 26 and 22

~ serves as a grounded base region. This base region may

be totally or almost depleted. The semiconductor re-
gions 21, 24, 22 and 23-1 or 23-2 serve as a source, a
channel, a gate and a drain region, respectively.

- Namely, the structure of FIG. 22 represents a multi-out-

~ put IIL type circuit. A multi-drain SIT serves as a mul-
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ti-drain inverter transistor. It will be apparent that the
multi-drain upside-down SIT may be formed by other
structures such as that shown'in FIG. 21. |
FIG. 23 shows a modification of an IIL type circuit.
In the Figure, an n— type epitaxial layer 24 is grown on
an n+ type substrate 21. A thin n+ type layer 23 is
formed in. the surface portion .of the epitaxial layer by
successive epitaxial growth, diffusion or ion implanta-
tion. Selective etching is carried out to form recessed
portions. An emitter region 26 and a collector region 22

~ of an injector bipolar transistor is formed by pt type

55
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diffusion or 1on implantation in that portion of the n—

type epitaxial layer having a reduced thickness. Con-
ductive electrodes 31, 32, 33-1, 33-2, 36 and 38 are
formed on the semiconductor regions 21, 22 (and 24),
23-1, 23-2, 26 and 28, respectively. The collector elec-
trode 32 of the injector transistor extends through a
wide area on the epitaxial layer 24 to serve as a
Schottky gate electrode. The drain region 28 of the
upside-down - multi-drain SIT 1is. connected to the

Schottky gate electrode 32 through the electrode 38.
‘Namely, the multi-drain SIT has one drain 28 connected

to its gate for forming a bypass transistor. The channel

‘region of this bypass transistor is designed narrower

than other channels of the device to afford a desired
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characteristic to the bypass transistor. The bypass tran-
sistor allows an excess injection current to flow directly
to the source region 21. The Schottky gate forms a
Schottky barrier with the n— type epitaxial layer, which
affords a rectifying property to the gate electrode.

In the structures shown in FIGS. 20 to 23, the resis-
tance from the source to the channel entrance is se-
lected appropriately by the selection of the resistivity
and the thickness of the substrate 21 and of the epitaxial
layer 24, similar to the case of FIGS. 18 and 19, for
satisfying the condition r3-G,,= 1, while satisfying the
condition R~G;; <1 in the low drain current region in
the operative state of the device.

Description has been made of some limited embodi-

‘ments of n-channel SIT’s, but it will be apparent that

various modifications and alterations are possible within
the scope of the present invention. For example, p-
channel SIT’s can be formed by inverting the conduc-
tivity types of all of the semiconductor regions, and
insulated gate SIT’s can be formed by modifying the
gate structure (and inverting the conductivity type of
the channel region, when necessary).

What is claimed is: |

1. In a semiconductor device of the type comprising:

a first semiconductor region of a first conductivity
type and having a first predetermined doping char-
acteristic and first predetermined dimensions;

a second semiconductor region of a conductivity type
not opposite to said first conductivity type and
having a second predetermined doping characteris-
tic and second predetermined dimensions;

a third conductive region of third predetermined
dimensions;

said first and second semiconductor regions and said
third conductive region being relatively disposed
such that said first semiconductor region is adja-

S
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cent said second semiconductor region and said

second semiconductor region is adjacent said third
conductive region to .provide a current path
through said first, second and third regions; and

gate means, responsive to a bias signal applied
thereto, for producing, even at zero value of said
bias signal, a depletion layer extending into said
second semiconductor region to define a current
channel in said second semiconductor region and at
least nearly pinch off said current path at a point in
sald current channel,

said first predetermined doping characteristic and
said first predetermined dimensions defining a re-
sistance parameter R, with respect to the portion
of said current path through said first region,

said second predetermined doping characteristic and
second predetermined dimensions in conjunction
with said gate means defining a resistance parame-
ter Ry with respect to the portion of said current
path through said second semiconductor region
between said first semiconductor region and the
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beginning of said current channel along said cur- -

rent path closest to said first semiconductor region
and defining a resistance parameter R, with respect
to the portion of said current path through said
second semiconductor region between said begin-
ning of said current channel and said point in said
current channel whereat said depletion layer at
least nearly pinches off said current path,

sald device exhibiting an apparent transconductance
G’ related to the true transconductance of said
device as Gmr=Gm/{l +(Rsr+ RS‘C"‘ Rc)Gm},

65
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the improvement wherein:
said first and second doping characteristics, said ﬁrst
and second dimensions are of values such that, over
a substantial portion of the operational range of
said device: | | |
the product R.-Gy, 1s less than unity, and
the product (R + R+ Ro)- Gm in greater than or
equal to unity;
whereby said device exhibits a nearly linear current-
voltage response,
2. The semiconductor device of claun 1, wherein:
sald second semiconductor region has an impurity
concentration of less than the order of 1022
atoms/m?. |
3. The semiconductor device of claim 1, wherein: said
first semiconductor region has an impurity concentra-
tion between the order of 102! atoms/m3 and the order
of 1023 atoms/m3, said second semiconductor region has
an impurity concentration between the order of 1018
atoms/m>? and the order of 1022 atoms/m3.
4. The semiconductor device of claim 1, 2 or 3,

- wherein: said gate means comprises at least one fourth

semiconductor region having a second conductivity
type opposite to said first conductivity type, disposed
adjacent said second semiconductor region.

5. The semiconductor device of claim 1, wherein: said
first and second predetermined dimensions are such that
the cross section of said first semiconductor region 1S
smaller than the cross section of said second semicon- -
ductor region. -

6. The semiconductor device of claims 1, 2 or 3,
wherein: said gate means comprises a pair of semicon-
ductor layers each having a second conductivity type
opposite to said first conductivity type disposed at op-
posite sides of said second semiconductor region.

7. The semiconductor device of claims 1, 2 or 3,
wherein: said means comprises a plurality of semicon-
ductor fingers of a second conductivity type 0pp051te to
said first conductivity type disposed spaced apart in said
second semiconductor region. |

8. The semiconductor device of claim 1, wherein: said
first semiconductor region includes a semiconductor
substrate. |

9. The semiconductor device of claim 8, wherein: said
second semiconductor region is formed by a part of an
epitaxial layer formed on said substrate, and said sub-
strate has a thickness greater than that of the epitaxial
layer.

10. The semiconductor device of claim 8 or 9,
wherein: said third conductive region includes a metal
electrode deposited on said second semiconductor re-
gion forming a Schottky contact with this second semi-
conductor region. |

11. The semiconductor device of claim 8 or 9,
wherein: said gate means includes a metal electrode
deposited on said second semiconductor reglon and
forming a Schottky contact with this second semicon-
ductor region.

12. The semiconductor device of claim 11, wherein:
sald third conductive region includes a semiconductor
region of said first conductlwty type having a low resis-
tivity. g

13. The semiconductor device of claim 9, wherem
said epitaxial layer has at least one recessed surface, and
said gate means is formed in said recessed surface.

14. The semiconductor device of claim 13, further
comprising: an injector bipolar transistor comprised of a
fourth and a fifth semiconductor region both having
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sald second conductivity type and a low resistivity and
being formed in said epitaxial layer, and also comprised
of another part of said epitaxial layer sandwiched be-
tween said fourth and fifth semiconductor regions,

the fourth semiconductor region, said part of the

epitaxial layer and said fifth semiconductor region
jointly constituting a current path,

said fifth semiconductor region being electrically

connected to said gate means.

15. The semiconductor device of claim 14, wherein:
said fourth and fifth semiconductor regions are formed
in the epitaxial layer below said recessed surface, and
sald gate means includes a metal electrode deposited on
said epitaxial layer and forming a Schottky contact with
said recessed surface ‘of this epitaxial layer and electri-
cally connected with said fifth semiconductor region.

16. In a semiconductor device of the type comprising:

a semiconductor substrate including a first semicon-

ductor region of a first conductivity type and hav-
ing a first predetermined doping characteristic and
first predetermined dimensions;

an epitaxial semiconductor layer including a second

semiconductor region of a conductivity type not
opposite to said first conductivity type and having
a second predetermined doping characteristic and
second predetermined dimensions;

a third semiconductor region of said first conductiv-

ity type having a third predetermined doping char-

acteristic and third predetermined dimensions and
formed 1n said epitaxial layer,

said first, second and third semiconductor regions
being relatively disposed such that said first semi-
conductor region is adjacent said second semicon-
ductor region and said second semiconductor re-
gion is adjacent said third semiconductor region to
provide a current path through said first, second
and third semiconductor regions; and

gate means, responsive to a bias signal applied
thereto, for producing, even at zero value of said
bias signal, a depletion layer extending into said
second semiconductor region to define a current
channel in said second semiconductor region and at

. least nearly pinch off said current path at a point in
satd current channel,

said first predetermined doping characteristic and

- said first predetermined dimensions defining a re-
sistance parameter Ry with respect to the portion
of said current path through said first region,

saild second predetermined doping characteristic and
second predetermined dimensions in conjunction
with said gate means defining a resistance parame-
ter Rsc with respect to the portion of said current
path through said second semiconductor region
between said first semiconductor region and the
beginning of said current channel along said cur-
rent path closest to said first semiconductor region
and defining a resistance parameter R, with respect
to the portion of said current path through said
second semiconductor region between said begin-
ning of said current channel and said point in said
current channel whereat said depletion layer at
least nearly pinches off said current path,
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said device exhibiting an apparent transconductance
G, related to the true transconductance of said
device as Gm'+Gm/{1 + (Rsr+Rse+ Rc)Gm}:

the improvement wherein:

said first and second doping characterisitics, said first

and second dimensions are of values such that, over
a substantial portion of the operational range of
said device:

the product Re-Gyy, is less than unity; and

the product (Re+Rse+Ro)-Gyy is greater than or

equal to unity,

whereby said device exhibits a nearly linear current-

voltage response.

17. The semiconductor device of claim 16, wherein:
sald epitaxial layer has at least one portion of reduced
thickness, and the device includes a fourth and a fifth
semiconductor region of said second conductivity type
and a low resistivity and formed in said portion of the
reduced thickness, a sixth semiconductor region of said
first conductivity type and a high resistivity disposed in
said portion of reduced thickness between said fourth
and fifth semiconductor regions, and said gate means
includes a metal electrode deposited on said portion of
the reduced thickness and forming a Schottky contact
with said second semiconductor region and electrically
connected with said fifth semiconductor region.

18. The semiconductor device of claim 16 or 17,
wherein:;

said epitaxial layer further includes: a seventh semi-

conductor region of a conductivity type not oppo-
site to said first conductivity type and having a
seventh predetermined doping characteristic and
seventh predetermined dimensions; and an eighth
semiconductor region of said first conductivity
type having an eighth predetermined doping char-
acteristic and eighth predetermined dimensions,
said first, seventh and eighth semiconductor regions
being relatively disposed such that said first semi-
conductor region is adjacent said seventh semicon-
ductor region and said seventh semiconductor re-
gion 1s adjacent said eighth semiconductor region
- to provide another current path through said first,
seventh and eighth semiconductor regtons,

said gate means producing, responsive to said bias

signal applied thereto even at zero value of said
bias signal, a depletion layer extending into said
seventh semiconductor region to define a current
channel in said seventh semiconductor region and
at least nearly pinching off said another current
path at a point in said current channel.

19. The semiconductor device of claim 8, further
comprising: an injector bipolar transistor comprised of a
fourth and a fifth semiconductor region both having
said second conductivity type and a low resistivity and
being formed in said epitaxial layer, and also comprised
of another part of said epitaxial layer sandwiched be-
tween said fourth and fifth semiconductor regions,

the fourth semiconductor region, said part of the

epitaxial layer and said fifth semiconductor region
jointly constituting a current path,

said semiconductor region being electrically con-

nected to said gate means. |
* ®» % Xk L
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